INTRODUCTION
Globally, around 1.3 x 10 9 tonnes of food waste (FW) are disposed in landfills, contributing to 3.3 x 10 9 tonnes-CO 2 -eq.year -1 of greenhouse gas emissions (GHG) (Salemdeeb et al., 2017; Fisgativa et al., 2017) . In which, around 83% of FW were from Industrial Asia (IA), Europe (EU)
and North America & Oceana (NAO) (Fig 1a) (Pliessner and Lin, 2013). The composition of different food products that will end-up as typical FW is depicted in Fig 1b. It is predicted that globally ~ 2.5 x 10 9 tonnes of FW will be generated by 2025, which need to be avoided, reduced or recovered, processed and recycled for a sustainable circular (carbon) economy. Recycling of FW will be beneficial for the economy as below:
(a) Option 1: FW to bioenergy and biofuels, which will greatly reduce the fossil fuel demand and associated fuel/energy production costs;
(b) Option 2: FW to biofertilizer, which will help to improve the soil quality, stability and reduce the fossil fuel based commercial fertilizer production/demand; 6 more complex unfermented materials are further digested to produce CH 4 (~ 80% of total COD is converted to CH 4 ) in second-stage methanogenesis reactor.
In this review, the basic knowledge of different pretreatment options for FW-AD and -DF are discussed. In particular, the effects of pretreatments on H 2 and CH 4 recovery from AD and DF systems are detailed, respectively. Based on the FW characteristics and compositions, the pretreatment technology needs to be carefully selected for AD or DF processes as detailed in below sections.
PRETREATMENT OF FOOD WASTE
Pretreatment of organic substrates (originally developed for fermentation process) started in the early 1920s' and was considered as the most expensive step due to an extensive use of energy/chemicals. More recently, pretreatment steps have been reconsidered and constitute now the most important step to improve CH 4 (a) Physical and mechanical pretreatments are inevitable to improve the FW physical properties i.e., surface area. It is the most important process that facilitates easy handling and feeding of FW into the digesters for AD or DF. It also facilitates the digestion/fermentation in shorter retention time. Milling/chopping/grinding, screw press, lysis-centrifugation, liquid shear/collision and high-pressure homogenization methods can be alternatively used to improve the physical or mechanical properties of FW. They do not affect the original substrate composition, but energy requirements are high.
(b) Thermal pretreatment methods are classified as wet-type and dry-type (e.g. simple drying). Food waste is usually pretreated by wet-type prior to AD or DF. Since it is operated under elevated temperatures (and pressure), it helps to solubilize more sugars through better hydrolysis and provides a more homogenous pulp for feeding AD/DF. In addition, it is easier and quicker than other pretreatment techniques. Another important advantage is that the FW pulp is also sterilized and native unwanted microbes (e.g. lactic acid producing bacteria) that could affect CH 4 or H 2 yields are deactivated. The pH regulation may further improve the efficiency of thermal pretreatment of FW for AD or DF, which requires better understanding.
But, the thermal pretreatment of FW also favors the formation of recalcitrant compounds (i.e., recovery. Acid pretreatment is known to be efficient to solubilize carbohydrates, while alkali pretreatment is efficient in solubilization of proteins and lignin as well as lipid saponification.
However, the chemicals used for acid pretreatment is corrosive (e.g. H 2 SO 4 , HCl etc.) and require non-corrosive coatings for the equipment used in the processes. For acid/alkali pretreatment, the FW to acid/alkali ratio needs to be optimized based on the total solids contents and strength of the acid/alkali used. The alkali pretreatment requires longer reaction time than acid pretreatment but salt formation is considered as the major drawback. There are few other pretreatment methods (i.e., such as ozone (Ariunbaatar et al., 2014a) , hydrogen peroxide (Gundupalli and Bhattacharya, 2017) and etc., that are not suitable for FW pretreatment, while they are also been less investigated.
(d) Biological pretreatment is usually slow process that requires longer retention time and the microbes utilizethe free and readily available sugars as main carbon source during the pretreatment step. Optimization and maintenance of pure biological agents for pretreatment of FW are usually difficult, since they are competing with the indigenous microorganisms during the pretreatment process. There are only a few case studies using pure microbial enzymes for pretreatment of FW because enzymatic pretreatment is expensive and requires high concentrations of enzymes to achieve efficient pretreatment. Instead, crude enzymes produced from biomass lysate are also directly used for pretreatment to reduce the costs In summary, the purposes of FW pretreatment are to (i) reduce the carbon loss as CO 2 during storage/transport; (ii) improve the surface properties for easier access to microbes; (iii) reduce the accumulation of volatile fatty acids at early stage or during storage and transport; and (iv) alter biological properties to support microbiomes from AD/DF. Nevertheless, more specific objectives may differ for CH 4 or H 2 production as will be detailed in sections 3 and 4. The excess or lack of any of the above nutrients in the AD process severely inhibits or affects the specific growth rates of the microbes, which can lead to poor biogas yield. Therefore, a better understanding of FW characteristics is important prior to optimization of the AD process. It is also equally important to understand the process inhibition at early stages by monitoring (a) a drop in daily CH 4 yield up to 10%; (b) an increase in volatile fatty acids concentrations > 250-500 mg L -1 ; and (c) a drop in pH over the subsequent days.
PRETREATMENT OF FOOD WASTE FOR CH 4 RECOVERY

Objectives of food waste pretreatment prior to anaerobic digestion
The biogas productivities are usually expressed in terms of per unit digester volume, which are calculated using the following theoretical model (Contois 1959) as given below (eq. 1),
Where, Vs = specific productivity (rate of methane production in cubic meters per cubic meter volume of The role of HRT (= SRT for low solids digesters) is a critical parameter for AD with 20 ~ 36 days being the optimal according to Komilis et al., (2017 Therefore, no standardized pretreatment scheme is proposed to handle the heterogeneous FW.
Moreover, most studies are performed at lab scale that cannot be directly translated into full field scale operations.
Results of food waste pretreatment on methane production
Food waste pretreatment for CH 4 Table 4 . Thermal pretreatment is often reported as the best method, followed by alkali pretreatment of FW for AD. Under combined pretreatment selections, FW are often preprocessed (i.e., grinded) before subsequent pretreatment step, which may affect the efficiency of second stage process and overall net-energy balance. Physical pretreatment (i.e., grinding) to reduce the particle size is one of the most important pretreatment steps for FW-AD, through which the surface area is largely improved for microbial attachment and solubilization.
Especially, particle size is reported to have a significant effect on methanogenesis process i.e., more particularly on methanogens functions (Obulisamy et al., 2016). As an illustration, FW particle size of less than 2.5 mm yields ~ 22-26% higher CH 4 recovery than 8 mm particle size C for 50 min) was not favorable for the biogas recovery i.e., resulted with 3-5% lower yield than in the control. With a long thermolysis process, the oil and fat contents of FW might be solubilized into short chain fatty acids, which in return might be inhibitory to biogas production.
Nonetheless, the thermal process might be beneficial to reduce the lactic acid bacteria, which can cause the quick acidification during FW-AD and alter the acid production pathways. In addition the thermal pretreatment (not including autoclaving or high-temperature) process helps to enrich the spore-forming bacteria in FW, which is beneficial to avoid quick accumulation of organic acids. The thermal pretreatment process also can inactivate or reduce the toxicity effects of some FW components, providing better hydrolysis of sugars, reducing the viscosity of the FW slurry, pathogens loads and improving the slurry pH (Nguyen-Hao et al., 2015). Hence, the thermal process with or without physical pretreatment (i.e., grinding) is the most reliable pretreatment option for FW prior to AD, as it could achieve up to ~ 75% higher CH 4 yield than in the control (Naran et al., 2016). The best option to subsidize the energy and cost factors related to thermal pretreatment of FW is to use the excess heat produced from gas turbines of the biogas plant. 15 However, the enzymes were directly added from the production medium, which might also have additional sugars and carbon sources that are used for biomass cultivation. So, prior to conclude on biological pretreatment, carbon mass balances need to be carefully calculated especially when crude enzymes or spent medium are used for pretreatment of FW. Nonetheless, when compared with the commercial enzyme addition, crude enzyme addition is beneficial in terms of energyeconomic point view for FW-AD.
Oddly, micro-aeration could also be considered as a pretreatment to improve the AD process.
Lim and Wang (2013) 
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From the detailed review, freezing and thawing or drying process are very useful pretreatment approaches to store the organic carbon and avoid natural degradation of FW. Nonetheless, the best pretreatment option for improving the CH 4 yields from FW seems to be a combination of physical and thermal processes i.e., grinding followed by thermal pretreatment.
PRETREATMENT OF FOOD WASTE FOR HYDROGEN RECOVERY
Objectives of food waste pretreatment for dark fermentation
In DF, equivalent to the early stages of the AD process, the conditions are principally set to avoid the methanogenic activity, i.e., short hydraulic retention time and high-acid conditions. The ability of the microorganisms to ferment organic carbon and produce hydrogen is widespread in the environment. Thus the range of microbial inoculum from different origins are used to produce H 2 by DF e.g. aerobic or anaerobic sludge from municipal wastewater plants, composts, landfill leachates and soils (Guo et al., 2010). Dark fermentation can also be carried out without any inoculation when microbial consortia are naturally present, which is the case in FW.
In DF processes, the growth of H 2 -producing bacteria (HPB) should be favoured. However, the operating conditions of DF reactors are often set to be detrimental to their growth, i.e., low pH (5-6); low HRT (from few hours to few days), thermal shock pretreatment of the microbial inoculum, etc. Indeed methanogenic archaea are highly sensitive to acid, alkali or heatshock treatments that are often carried out for their inactivation in inoculum for DF. Heat shock consists of thermal pretreatment of inocula at 90-110°C for 15 min and 2 h. It presents the dual advantages of eliminating non-spore-forming microorganisms (e.g. methanogenic archaea) and select spore forming HPB e.g., Clostridia sp., (Argun and Kargi, 2009 
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The pretreatment objective and strategy for FW-DF is different from that of FW-AD. In specific, pretreatment of FW-DF consider three factors: (i) solubilisation of complex carbohydrates to make them easily accessible for HPB; (ii) inactivation of hydrogen consuming microorganisms and non-hydrogen-producing (HAB, LAB and PAB) microbial communities; and (iii) selective enrichment of HPB for DF without any additional inoculum. Table 5 In alkaline pH range between 9 and 13, the best H 2 yield was achieved with the FW pretreated under pH of 11-12 (Jang et al., 2015). Indeed, LAB was predominant at pH 9 and 10, while
Clostridium sp. and Enterococcus sp. predominated at pH 11-13. However, the H 2 yield in continuous fed batch reactors fed with pretreated FW (at pH 11) significantly dropped due to the increase activity of hydrogen-consumers or competitors such as HAB and PAB. However, Kim and Shin (2008) performed a long-term H 2 production from FW in a sequencing batch reactor (3 cycles per day). They showed that pretreatment at pH 12.5 for 1 day was more efficient for stable production of H 2 than acid pretreatment (pH=2 for 1 day). Indeed, alkali pretreatment showed a 4.9 log CFU/gVS reduction of HPB against a 2 log CFU/gVS reduction for the acid pretreatment, which may be due to the acclimation of some indigenous bacteria to such a low pH condition. Thus, in contrary to reactors treating raw FW or acid pretreated FW, reactors fed with alkali pretreated FW could be operated for a long period of time up to 50 days at a 1 day HRT with a stable H 2 production of 62.6 mL/g VS corresponding to 0.87 mol H2 /mol hexose added .
In addition, most studies on FW-DF are BHP tests, except two studies that used CSTR (Jang et al.
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FUTURE RESEARCH PERSPECTIVES
Based on the detailed literature review, the following recommendations and research directions are proposed:
(i) Preservation of carbon is a major issue when FW is processed by AD or DF. This can be overcome by freezing or drying of FW as usual storage as reported in a number of lab-scale studies, but seldomly in pilot scale operations. Further work on pretreatment techniques to improve the storage of carbon is essential and will be highly beneficial for the development of AD and DF plants to optimally recover energy in the forms of CH 4 and H 2 , respectively.
(ii) Unlike that of other organic substrates, carbohydrate release after pretreatment does not directly correlate with CH 4 or H 2 production for FW-AD or FW-DF, respectively. This could possibly be due to the changes in indigenous microbial composition of FW and to the effect of organic molecules released, which require further investigations. (iv) Elimination of unwanted indigenous microorganisms is also essential for better H 2 production and makes the pretreatment step (either thermal, alkali or acid) mandatory. In particular, better understanding of the equilibrium and the dynamics, which exist between HPB and competitive populations (methanogens, LAB, PAB, HAB), will provide better solutions to avoid reactor instability, while it may favor the optimal bioprocess conditions for treating FW.
(v) The physical reduction of particle size is an important pretreatment step for FW to improve the process of AD or DF and product recovery. Although particles < 2 mm are in favour of high CH 4 recovery, the effective particle size that is required for better fermentative H 2 production using FW as substrate is unclear and warrants further investigation.
(vi) Physical pretreatment process step could be integrated with any other pretreatment steps to improve the availability of substrates for CH 4 or H 2 recovery. It is also obvious that thermal pretreatment is the most feasible technology for integrations, but the temperature and pretreatment time still need to be optimized under such integrated mode.
(vii) Also, alkali pretreatment could be considered for highly acidic substrate like FW to improve the process efficiency. The alkali requirements will also vary with the FW type and particle size and hence, optimization and testing are necessary for optimal operation.
It is also found that most of the studies on pretreatment have been performed in a batch mode at laboratory scale and the data obtained may not be reliable for scale-up and/or does not provide similar yields during pilot-scale operations. Further studies should be performed at pilot scale to establish more reliable data for accurate energy and mass balance calculations. Longer AD or DF operations will also provide a clear impact of FW pretreatment on CH 4 /H 2 yields, which will eventually help enhance the process stability. Current literature does not provide such knowledge. 
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In addition, results obtained in BMP/BHP studies use quite diluted reactive media and cannot predict the results of full-scale batch process where media will be much more concentrated, in particular in the case of high solids content AD systems. The start-up of such reactors can encounter difficulties due to too high VFA concentrations that may have been produced during FW storage. Therefore, more detailed research work should focus on pretreatments that will limit VFA production while avoiding any carbon loss.
CONCLUSIONS
It is very clear that the freeze and thaw or drying pretreatment of FW could be considered to provide a total un-degraded carbon for AD or DF. In addition, physical (i.e., grinding) pretreatment in combination with thermal and/or alkali should be considered means to improve CH 4 and H 2 yields. All of them regulate the indigenous microbial communities, reducing LAB activity and supporting spore-forming HPB that are highly favourable for H 2 and CH 4 production.
However, there is a lack of energy-economic calculations for integrated FW pretreatment methods that requires more detailed study and analysis prior to commercial applications. Sustainable Chemical Processes, 1, 1-21. 57. Puyuelo, B., Ponsa, S., Gea, T., Sanchez, A. (2011). Determining C/N ratios for typical organic waste using biodegradable fractions. Chemosphere, 85, 653-659. 58. Rafieenia, R., Girotto, F., Peng, W., Cossu, R., Pivato, A., Raga, R., Lavagnolo, M.C., (2017).
Effect of aerobic pre-treatment on hydrogen and methane production in a two-stage anaerobic digestion process using food waste with different compositions. Waste Management, 59, 194-199. 59. Rafrafi, Y., Trably, E., Hamelin, J., Latrille, E., Meynial-Salles, I., Benomar, S., GuidiciOrticoni, M.T., Steyer, J.P. 
